essential for, but exerts profound effects on regeneration in M. polymorpha. Ventral cells in regenerants grown under R/FR cycle conditions were longer and narrower than those under R cycle. Expression of a constitutively active mutant of M. polymorpha phytochrome allowed regeneration of well grown, widely expanded thalli even in the dark when sugar was supplied, further demonstrating that the phytochrome signal promotes cell proliferation, which is ratelimited by sucrose availability. Similar effects of R and FR irradiation on cell division and elongation were observed in sporelings as well. Thus, besides activation of photosynthesis, major roles of R in regeneration of M. polymorpha are to facilitate proliferation of rounder cells through the phytochrome by mechanisms that are likely to operate in the sporeling.
Introduction
Plants, photoautotrophic organisms, seek light as a means of survival. Aquatic green algae with flagella are able to move to suitable environments. Sessile land plants, however, cannot adopt this strategy. Consequently, they created ingenious mechanisms to adapt to various light conditions and adjust their growth and morphology. For instance, under low-light conditions, seed plants elongate various parts, including stems and petioles, and facilitate the escape from the unfavorable environment, which is known as shade avoidance response (Casal 2013) . In contrast, when sufficient light is available, plants operate a program called photomorphogenesis for the formation of photosynthetic Abstract Light regulates various aspects of development throughout the life cycle of sessile land plants. Photoreceptors, such as the red (R) and far-red (FR) light receptors phytochromes, play pivotal roles in modulating developmental programs. Reflecting high developmental plasticity, plants can regenerate tissues, organs, and whole bodies from varieties of cells. Among land plants, bryophytes exhibit extraordinary competency of regeneration under hormone-free conditions. As an environmental factor, light plays critical roles in regeneration of bryophytes. However, how light regulates regeneration remains unknown. Here we show that using the liverwort Marchantia polymorpha, which contains a single phytochrome gene, the phytochrome regulates re-entry into the cell cycle and cell shape in newly regenerating tissues. Our morphological and cytological observations revealed that S-phase entry of G 1 -arrested epidermal cells around the midrib on the ventral surface of thallus explants was greatly retarded in the dark or under phytochrome-inactive R/FR cycle irradiation conditions, where, nevertheless, small, laterally narrow regenerants were eventually formed. Thus, consistent with earlier descriptions published over a century ago, light is not organs and their lateral expansion to maximize light absorption (Kami et al. 2010) .
These light responses are mediated by several pathways. First, light is perceived by chloroplasts and used for photosynthesis, which generates chemical energy and various signals, such as sugars and retrograde signals. Light is also perceived by several kinds of photoreceptors: the red-light (R)/far-red-light (FR) receptor phytochrome; the blue-light receptors cryptochrome, phototropin, and the ZEITLUPE/ FLAVIN BINDING, KELCH REPEAT, F-BOX1 (FKF1)/ LOV KELCH PROTEIN2 family; and the UV-B receptor UV RESISTANCE LOCUS8 (Christie 2007; Fraikin et al. 2013; Franklin and Quail 2010; Ito et al. 2012; Kami et al. 2010; Liu et al. 2011) . Among these, phytochromes have a special feature that their activities can be quickly converted between the active, FR-absorbing Pfr form and the inactive, R-absorbing Pr form by R and FR light, respectively (Franklin and Quail 2010; Kami et al. 2010 ). This photoconversion can allow recognition of environmental differences between light and shade and according modulation of gene expression patterns (Casal 2013) .
Light responses regulated by phytochromes are diverse: some include seed germination, de-etiolation, photoperiodicity, and transition from vegetative to reproductive phase in seed plants. At the cellular level, phytochromes are involved in regulation of cell proliferation and growth. In Arabidopsis etiolated seedlings, light-activated cell proliferation leading to rosette leaf formation is mediated at least in part by phytochromes (López-Juez et al. 2008) . Also in basal land plants, including bryophytes and pteridophytes, the phytochrome system has been implicated in controlling a number of processes, such as germination of spores (reviewed in Nishihama and Kohchi 2013; Wada and Kadota 1989) and cell cycle, elongation, branching, and phototropism of protonemata (Brücker et al. 2005; Hartmann et al. 1983; Kadota et al. 1982; Mittmann et al. 2004; Wada 1985 Wada , 1984 in a variety of species.
Bryophytes, including liverworts, mosses, and hornworts, have been known for their extraordinary efficiency of regeneration since the 18th century, before the discovery of phytohormones. Necker (1774) described regeneration of liverworts in his book. Over a century later, Vöchting (1885) reported that using thalli and gemmae of the liverworts Lunularia vulgaris (=cruciata) and Marchantia polymorpha, regeneration requires removal of the apex, a growth point that contains an apical cell and surrounding meristematic cells, and that regenerants are formed from the apical and ventral sides of apex-removed explants. Then, it was reported that almost all cell types in the gametophyte generation could regenerate in liverworts (Cavers 1903; Kreh 1909; Schostakowitsch 1894) . Furthermore, Heald (1898b) also referred to light effect on regeneration of mosses and noted light dependency for many species. Absolute requirement for light in regeneration from protoplasts was shown in Physcomitrella patens (Jenkins and Cove 1983) , and the phytochrome system was implicated in facilitation of regeneration for Mnium affine (Giles and von Maltzahn 1967) . Regeneration in liverworts is also greatly facilitated by light. Cavers (1903) reported feeble growth of regenerants in the dark in several liverwort species, including M. polymorpha.
One of the mechanisms for regeneration in both plants and animals involves dedifferentiation of differentiated cells into a totipotent/pluripotent status, which is followed by cell proliferation and redifferentiation. At least in some mosses, leaf cells directly (that is without cell division) revert back to the protonema stage upon excision (Giles 1971; Ishikawa et al. 2011; Prigge and Bezanilla 2010) . Likewise, regeneration of liverworts has been suggested to recapitulate the development through sporelings (Kreh 1909) . Protonemata and sporelings are common in terms of their developmental stages that immediately follow spore germination. Recent study revealed that activation of cyclin-dependent protein kinase A, a core cell-cycle regulator in plants, is essential for protonema regeneration in P. patens (Ishikawa et al. 2011) . However, how light regulates regeneration remains elusive for any bryophytes.
To address this question, we focused on the liverwort M. polymorpha, which has a long history of regeneration research as mentioned above. Recent technical advances, such as high-efficiency transformation with sporelings and regenerating thalli (Ishizaki et al. 2008; Kubota et al. 2013 ), homologous recombination-based gene targeting , and CRISPR/Cas9-mediated genome editing (Sugano et al. 2014 ) have enabled us to use M. polymorpha for molecular genetic studies. In addition, genome and transcriptome projects are under way by the Community Sequencing Program in the U.S. Department of Energy Joint Genome Institute (http://www.jgi.doe.gov/). In silico searches revealed the presence of all the major photoreceptors with low genetic redundancy in M. polymorpha, and the phototropin and FKF1 orthologs were shown to be involved in chloroplast photorelocation movement and photoperiodic growth-phase transition, respectively (Komatsu et al. 2014; Kubota et al. 2014) . In this study, we examined effects of phytochrome activity and sugar availability on cell proliferation and growth after thallus excision and spore germination to gain insights into the roles of light signaling mediated by the phytochrome and photosynthesis-derived sugar in regeneration in M. polymorpha.
Materials and methods

Plant material and growth media
Female and male M. polymorpha accessions, Takaragaike-2 (Tak-2) and Tak-1, respectively (Ishizaki et al. 2008) , were cultured aseptically on half-strength Gamborg's B5 medium (Gamborg et al. 1968 ) containing 1 % agar. Spores were obtained by crossing Tak-2 and Tak-1. Generation of transgenic plants with M. polymorpha PHYTOCHROME (MpPHY) will be described elsewhere.
Light conditions
Light conditions used in this study are as follows. ; MIL-IF18, SANYO Electric) for 40 s, and darkness for 100 s.
Regeneration assay
Gemmae were plated on half-strength Gamborg's B5 plates and incubated at 22 °C for 10-14 days under continuous white light. Thalli were cut off with a scalpel on a plastic petri dish. Explants were transferred onto half-strength Gamborg's B5 plates with or without 1 % sucrose and incubated at 22 °C under various light conditions. Micrographs were captured using SZX16 stereoscope (Olympus) equipped with DP20 cooled charge-coupled device (CCD) camera (Olympus).
Spore growth assay
Surface-sterilized spores were plated on half-strength Gamborg's B5 plates that contained 0.01 % glucose and 1.6 % gellan gum and incubated at 22 °C for 10 days under R or R/FR cycles. Micrographs were taken through Axiophot microscope (Zeiss) equipped with DP72 cooled CCD camera (Olympus).
Flow cytometry
Flow cytometry was performed essentially as previously described (Galbraith 2009 ). All procedures were performed on ice. About 50 mg of basal fragments of M. polymorpha thalli and Arabidopsis rosette leaf were chopped with a razor blade for ~2 min in the presence of 1 ml of Galbraith's buffer (45 mM magnesium chloride, 30 mM sodium citrate, 20 mM 4-morpholinepropane sulfonate, 0.1 % Triton X-100; Galbraith et al. 1983 ). Homogenates were filtered through a 40 µm Cell Strainer (BD Biosciences), and 2.5 µl of 10 mg ml −1 RNase A (Sigma-Aldrich) was added to 500 µl of the cleared homogenates, followed by incubation on ice for 15 min. Propidium iodide (nacalai tesque) was added to a final concentration of 50 µg ml −1 . Samples were incubated on ice for at least 30 min before applying to a flow cytometer (BD Accuri C6; BD Biosciences).
Visualization of S-phase cells
S-phase cells were visualized using Click-iT EdU Imaging Kits (Life Technologies) according to the manufacturer's instruction. Explants of Tak-1 thalli grown for 10 days from gemmae were incubated on half-strength Gamborg's B5 plates supplemented with or without 1 % sucrose under various light conditions. At various time points, explants were transferred to a tube containing identical medium with 10 µM 5-ethynyl-2′-deoxyuridine (EdU) and incubated for 4 h at the same light conditions. Incorporation of EdU was terminated by fixing the explants with 3.7 % formaldehyde solution in phosphate-buffered saline (PBS) for 20 min. The explants were washed twice with PBS, permeabilized with 0.5 % Triton X-100 in PBS for 20 min, and washed twice with PBS containing 3 % bovine serum albumin (PBS + BSA). EdU incorporated into DNA was stained by incubation in the dark with Alexa Fluor 555-azide-containing Click-iT reaction cocktail for 30 min. After washing once with PBS, DNA was stained with 1 µg ml −1 DAPI in PBS for 30 min in the dark and washed twice with PBS. Z-series of 10-20 fluorescent images with 2 µm steps were captured using a confocal laser scanning microscope, FV1000 (Olympus; 20× UPLAPO objective lens; NA = 0.70). DAPI was excited with a 405 nm laser and detected with a 425-475 nm window; Alexa Fluor 555 was excited with a 546 nm laser and detected with a 555-625 nm window. Z-projection images were created using the ImageJ software (Schneider et al. 2012 ).
Observation by SEM
SEM was performed using Miniscope TM-3000 (Hitachi) according to the manufacture's instruction. Briefly, plants were put on a carbon tape adhered to the sample holder and rapidly frozen in liquid nitrogen for 40 s. The holder was immediately placed in the sample chamber, which was vacuumed before observation.
Measurement of cell morphology
All measurements were performed by ImageJ using SEM or light microscopic images. For measurement of cell length with SEM images, maximal-length straight lines manually drawn on individual cells were measured. For cell surface area, cell boundaries were traced manually with the polygon selection tool and measured. For aspect ratio, the same polygon selections were converted to the best fitting ellipses, and the ratios of major axis to minor one were determined. For measurement of cell length in sporelings with light microscopic images, segmented lines manually drawn to connect the centers of two adjacent cell walls were measured.
Results
Cellular processes for regeneration from thallus explants in M. polymorpha
Our previous study suggested that the visible outgrowth of regenerating plants after excision of M. polymorpha thallus was observed within 5 days (Kubota et al. 2013) . As previously reported (Vöchting 1885) , regeneration occurred predominantly from the apical end of basal explants (Fig.  S1 ). To understand the course of cellular events during regeneration in more detail, we first performed time-lapse observation of basal explants in 1 h intervals under continuous white light ( Fig. 1 ; Supplemental Movie 1). The first observed morphological change was rhizoid elongation, which initiated immediately after excision and became conspicuous by 6 h. No detectable change was observed on the excision surface until around 60 h, when a bulge of tissue was formed near the midrib. Around 96 h, outgrowth of thallus-like regenerating plants was observed. These results suggest that cell division was activated within 60 h after excision.
Observation by SEM of explants bearing readily recognizable regenerants revealed that they had emerged from the ventral side of the thallus, while there was no visible morphological change on the dorsal surface ( Fig. 2h ; note that there was no regeneration from the dorsal surface nor the parenchyma tissue). We therefore examined earlier morphological changes of the cells on the ventral side after excision (see Fig. S2a for the excision pattern; Fig. S3a , b for the architecture of the ventral side of a thallus). Epidermal cells on the midrib, which could be recognized by the presence of smooth rhizoids, were smaller than those in the thallus blade (Fig. 2a) . There was no noticeable difference in cellular morphology up to 24 h after excision (Fig. 2a, b) . By 36 h, most of the ventral epidermal cells on the midrib and some of those in the thallus blade near the midrib displayed one shallow groove in their middle, which appeared to be contours of newly formed cell plates (Fig. 2c) , therefore suggesting the occurrence of first cell divisions. During the next 12 h, one or two more rounds of cell divisions appeared to occur in both midrib and thallus blade regions (Fig. 2d, e) . By this time, grooves that were derived from the original boundaries of the epidermal cells became deeper, probably due to a slight increase in volume of the daughter cells. Further cell divisions created bulges of cells by 72 h (Fig. 2f) . By this time, almost all ventral epidermal cells appeared to have re-entered the cell cycle (Fig. S3c) . At 96 h, various types of differentiated cells were clearly observed, including air-pore cells, slime papillae, and rhizoids ( Fig. 2g-i) , suggesting that the developmental program began to operate some time between 72 and 96 h.
Next, timing of re-entry into the cell cycle was examined. To know the cell cycle stage of the cells in the basal part of the thallus, we conducted flow cytometric analysis, using Arabidopsis rosette leaves which contain various degrees of endoreduplicated cells, as a control for nuclear DNA content (Galbraith 2009 ). Estimated haploid genome sizes of Arabidopsis and M. polymorpha are ~135 Mb (http://arabidopsis.org/portals/genAnnotation/ gene_structural_annotation/agicomplete.jsp) and ~280 Mb (Okada et al. 2000) , respectively. The M. polymorpha sample showed only one peak with the fluorescence intensity comparable to the 2C-value peak of Arabidopsis leaf sample (Fig. 3) , suggesting that the thallus cells contain 1C nuclear DNA content and, therefore, are arrested in the G 1 phase. Incorporation assays of EdU, a thymidine analog that allows identification of S-phase nuclei, revealed that although there was no vigorous EdU incorporation in the first 16 h after excision (see Fig. S2b for the excision pattern), a sudden increase in the number of EdU-incorporated nuclei was observed during the next 12 h (Fig. 4a) , indicating that the cells entered S phase between 16 and 28 h after excision. We also examined the influence of sucrose to the timing of S-phase entry, because sugars have been reported to promote cell cycle progression (Riou- Khamlichi et al. 2000; Xiong et al. 2013) . However, essentially the same patterns of EdU incorporation were observed regardless of the presence or absence of 1 % sucrose (cf . Fig 4e  vs a) , suggesting that sugar had no effect on the timing of S-phase entry under the continuous white light conditions used in this study.
Effects of light on regeneration
In mosses, regeneration is known to be light-dependent and suggested to be phytochrome-regulated (Giles and von Maltzahn 1967; Jenkins and Cove 1983) . We therefore examined light dependency and effect of R and FR irradiation on the regeneration of M. polymorpha. In the absence of light, explants (see Fig. S2b for the excision pattern) that had been incubated on sugar-free medium for 2 weeks produced one or two narrow regenerants per explant, but they failed to grow out vigorously and expand laterally (Fig. 5a, Dark) . Addition of 1 % sucrose to the medium appeared to promote the growth of regenerants and their rhizoids but did not allow development into laterally expanded thalli (Fig. 5b, Dark) . These results suggest that light is not essential for the initiation of regeneration. Nonetheless, comparison with regenerants incubated under white light (Fig. 5a, b, cW) indicates that light exerts strong stimulating effects on the growth of regenerants and their development into thalli, which cannot be recapitulated simply by supplying sugar in the dark. To examine the impact of irradiation of R and FR to regeneration, explants were incubated under the following two light conditions: phytochrome-active R cycle, intermittent irradiation cycles consisting of 40-s of R and 140-s of darkness; phytochrome-inactive R/FR cycle, intermittent irradiation cycles consisting of 40-s of R, 40-s of FR, and 100-s of darkness (Fig. S4) . Regardless of sucrose, R cycle irradiation promoted lateral growth of regenerants and development into thalli, although the sizes of regenerants were smaller in the absence of sucrose than in its presence (Fig. 5a, b, R cycle) , which would be due to a non-maximal photosynthesis rate under the light conditions used. Under the R/FR cycle in the absence of sucrose, the explants regenerated a few narrow structures (Fig. 5a , R/FR cycle), which were morphologically similar to those formed in the dark with sucrose, including rhizoid outgrowth (Fig. 5b,  Dark) . These results suggest that the growth of regenerants is regulated positively by the phytochrome. Unexpectedly, in the presence of 1 % sucrose, regenerants formed under the R/FR cycle were nearly as large as those under the R cycle (Fig. 5b) . This could be due to a residual activity of phytochrome under the R/FR cycle or some other signaling events triggered by light, which could have been sufficient for the growth of regenerants when sucrose, most likely as chemical energy, was exogenously supplied.
EdU incorporation analysis revealed that, in the absence of exogenous sugar, R cycle irradiation allowed S-phase entry by 28 h after excision (Fig. 4c) , the same timing as the continuous white conditions, whereas dark or R/FR cycle conditions did not promote S-phase entry at least until 40 h (Fig. 4b, d ). In the presence of 1 % sucrose, S-phase entry was detected by 28 h under both R and R/ FR cycle conditions and by 40 h in the dark. SEM analysis showed the occurrence of cell divisions by 96 h under all the conditions tested (Fig. S5) . These data suggest that the timing of cell cycle re-entry depends on the active state of phytochrome and that excess sugar can override the phytochrome regulation to promote S-phase entry.
Facilitating growth and development of regenerants by active phytochrome
To explore the role of the phytochrome more directly, we examined effects of overexpression of a putatively dominant-active phytochrome mutant on regeneration under various light conditions. We modified the phytochrome gene in M. polymorpha (MpPHY) to introduce an aminoacid substitution of the conserved Tyr241 residue to His (MpPHY
Y241H
; Fig. S6 ). The same substitution of Tyr276 to His in Arabidopsis phyB was shown to confer photoinsensitivity and therefore constitutive functionality (Hu et al. 2009; Su and Lagarias 2007 ) that overexpressed this mutant under the control of the MpEF1α promoter (Althoff et al. 2014) were subjected to the regeneration assay as above.
In the absence of exogenous sugar, these plants formed fully developed, regenerated thalli under continuous white light, whereas they showed minimal activity of regeneration in the dark (Fig. 5c, cW, Dark) , as observed for wildtype plants (Fig. 5a) . Thus, modulation of the phytochrome activity does not affect the regeneration process under these light and growth conditions. However, although no big difference on regeneration was observed under the R cycle between pro EF:MpPHY Y241H and wild-type explants, the former lines regenerated laterally expanded thalli even under the R/FR cycle (Fig. 5c) . These results support the assumption that the phytochrome with Y241H substitution is constitutively active and suggest the role of the phytochrome in lateral growth of regenerants.
In the presence of sucrose, pro EF:MpPHY Y241H explants produced well developed, much larger thalli than wild type not only under the R cycle but also under the R/FR cycle and even in the dark (Fig. 5d) . The size and morphology Timing of S-phase entry during regeneration under various light conditions. Basal explants of Tak-1 thalli were incubated on solid media without (a-d) or with (e-h) 1 % sucrose under continuous white light (cW), in the dark (Dark), under intermittent irradiation of R light (R cycle), or under intermittent irradiation of R and FR light (R/FR cycle). See Supplemental Fig. S4 for the details of the light conditions used. At 0, 12, 24, and 36 h after excision, explants were incubated with 10 µM EdU for 4 h in liquid media of the same kinds under the same light conditions as before. EdU-incorporated DNAs were visualized (pseudo-colored in red) as described in "materials and methods". All DNAs were stained with DAPI (pseudocolored in blue). Ventral areas around the midrib, as indicated by the abundance of rhizoids (r) and their bases or initials (rb), both of which were non-specifically stained with DAPI, are shown with the apical side up. Bars 100 µm 1 3 of the regenerants were similar under all these conditions, implying that the signaling activity of the phytochrome was saturated in these lines. Taken together, these results suggest that phytochrome signaling can drive both vigorous growth and lateral expansion of regenerants, when sugar is exogenously supplied.
Regulation of cell shape by the phytochrome
To understand the basis of developmental regulation of regenerants by the phytochrome, regenerants grown under the R or R/FR cycle for 14 days were observed by SEM. Laterally expanding thallus-like regenerants that had been formed under the R cycle showed dorsoventrality, whose ventral side contained rhizoids and scales in the middle region ( Fig. 6a-c; Fig. S7a, b) . Upright and narrow regenerants that had been formed under the R/ FR cycle also retained dorsoventrality with the surface distal to the explant being the ventral side, as evidenced by rhizoid and scale formation on that side ( Fig. 6d-f ; Fig. S7c, d ) and air chamber formation, albeit rarely, on the other side (Fig. S7d) . These results suggest that the formation of narrow structures is not due to a loss of dorsoventrality.
Comparison of the morphology of cells in the ventral epidermis of the R-cycle regenerant versus that in its corresponding region of the R/FR-cycle regenerant revealed no significant difference in cell surface area (Fig. 6g) . However, cells on the R/FR-cycle regenerant were significantly longer in length than those on R-cycle regenerant (Fig. 6h) . More drastically, aspect ratio (major to minor axis lengths of fitted ellipses) was much larger in the R/FR-cycle regenerant (Fig. 6i ). These data demonstrate that R and FR affect cell shape at least in certain cell types with R promoting formation of rounded cells.
Roles of the phytochrome in cell division and elongation in sporelings
To examine the effect of phytochrome signaling on cell division and growth in different cell types, spores were cultured under R or R/FR cycles. During 10 days of culture under the R cycle, germinated spores underwent multiple rounds of cell divisions and branching, while under the R/FR cycle conditions, cells did not divide much and, instead, elongated tremendously (Fig. 7a) . Counting the number of cells and branches per sporeling revealed that the R cycle was more effective to facilitate cell division and branching than the R/FR cycle (Fig. 7b, c) . In addition, lengths of individual cells were much longer under the R/ FR cycle than the R cycle (Fig. 7d) . These results suggest that in sporelings, the Pfr form of the phytochrome plays a role in promoting cell division and branching, while cell 1 mm (a, d) ; 500 µm (b, e); 100 µm (c, f). Quantification of cell surface area (g), cell length (h), and aspect ratio (i) shown by box-and-whisker plots. The cells present in the boxed regions in c and f were used for quantification. Middle bars median values, boxes interquartile (first to third quartiles) ranges, top and bottom bars 1.5× the interquartile ranges, circles outliers. P values were determined by Student's t test. n.s. not significant. n = 50 (g, i), n = 181 (h, R cycle), n = 106 (h, R/FR cycle) elongation is a preferred cellular process when the phytochrome is inactive.
Discussion Cellular events and morphological changes during regeneration
Our analyses revealed a series of cellular events and morphological changes that occurred during regeneration from excised thalli of M. polymorpha. The first obvious event was rhizoid growth near the midrib, which initiated immediately after excision and ceased when a bulge of tissue was formed ( Fig. 1; Supplemental Movie 1) . It remains to be clarified whether this is a response to excision or just continuation of developmentally regulated growth of rhizoids at the excised site. At later time points, rhizoid formation was reinitiated from regenerants (Fig. 2h) . Interestingly, incubation in the dark without sugar resulted in no conspicuous rhizoid formation, whereas that with sucrose allowed it (Fig. 5) . Moreover, regenerants grown under R or R/FR cycles in the absence of sugar formed rhizoids. These results suggest that photosynthetically produced sugar plays a critical role in rhizoid formation. It would be intriguing to examine which step sugar regulates, 
differentiation of the rhizoid initial or elongation of singlecell rhizoids from initials.
The next observed event was activation of the cell cycle. Predominant accumulation of 1C DNA-containing cells in the basal part of thalli (Fig. 3) , occurrence of nuclear DNA replication around 24 h after excision (Fig. 4a, e) , and appearance of dividing cells by 36 h (Fig. 2c) suggest that thallus cells quiescent in G 1 phase entered into S phase upon excision. This is in contrast to the regeneration from leaf cells in the moss P. patens, in which leaf cells are arrested in late S phase and re-enter the cell cycle by performing some kind of DNA syntesis (Ishikawa and Hasebe 2015; Ishikawa et al. 2011) .
These cell cycle events took place first along the midrib on the ventral surface in the apical end. Correlated with this, regenerants were formed from the ventral side of the apical end, and no noticeable change was observed on the dorsal surface (Fig. 2h) . These observations are consistent with the earlier study by Vöchting (1885) describing that two Marchantiopsida liverworts, L. vulgaris and M. polymorpha, almost always produce regenerants at the apical end of the explant, and those by Schostakowitsch (1894) and Goebel (1907) demonstrating that thalloid liverworts favor regeneration from the ventral side near the midrib. In the case of Arabidopsis regeneration assisted by phytohormones, callus formation occurs from a specific cell type, pericycle cells in root or pericycleequivalent cells in other organs, acting as adult stem cells that 'differentiate' into root meristem-like tissue (Sugimoto et al. 2010) . Ventral epidermal cells on the midrib in M. polymorpha, which are similar in size to cells in the meristematic region (cf. Figure 2a , b vs Fig. S3b ), might retain adult stem cell-like properties. Our data, however, demonstrated that larger and seemingly completely quiescent ventral epidermal cells in the thallus blade re-entered the cell cycle at the same timing as those on the midrib (Fig. 2c-e) and that eventually, almost all ventral epidermal cells underwent cell division (Fig. S3c) , suggesting that dedifferentiation of cells that have been differentiated at least to some extent does occur during regeneration in M. polymorpha. Further detailed analysis with cell typespecific markers should clarify differentiation status of ventral epidermal cells on the midrib.
Regeneration in mosses is known to involve direct conversion of differentiated single cells into elongated protonemata (Giles 1971; Heald 1898b; Prigge and Bezanilla 2010) even before cell division (Ishikawa et al. 2011) . It has been reported that most liverwort species do not exhibit this elongation feature and recapitulate the development through sporelings (Kreh 1909; Rickett 1920; Schostakowitsch 1894) , although Kaul et al. (1962) clearly demonstrated that in M. nepalensis, the regeneration goes through a short protonemal phase. In some liverworts, such as Preissia commutata, filamentous growth could be induced when sporelings or prothalli are transferred to weak light conditions (Goebel 1898; Hansel 1876; Kreh 1909; Schostakowitsch 1894) . Our SEM analyses, however, demonstrated that no protonema-like elongated cell was generated on the ventral surface of 96-h-old M. polymorpha explants even in the dark or under R or R/FR cycles before the appearance of dividing cells or the formation of cell bulge, regardless of sugar application (Fig. S5) . Sporelings of M. polymorpha did elongate in response to the same R/FR conditions (Fig. 7) . Thus, the cell differentiation status of regenerating cells might not be identical to that of sporelings in M. polymorpha.
Nonetheless, developmental processes of regenerants are indeed analogous to those of thalli from spores. A germinated spore repeats rounds of cell divisions. During this sporeling stage, an apical cell is generated at the tip, and development into a thallus takes place. It seemed that, at the initial stage of regeneration, a unit of cells derived from each ventral epidermal cell (Fig. 2d, e) corresponded to a single sporeling. This idea is supported by the formation of ball-shaped tissues or tissue blocks separated from each other (Fig. 2f, h ) and later formation at various locations of a number of slime papillae (Fig. 2g, i) , which, in thalli, are formed only a few per apical cell. The observation that only one or two regenerating thalli were developed from one bulge (Fig. 1) suggests possible existence of a lateral inhibition mechanism that operates among apical cells in neighboring sporeling units. It would be intriguing to understand how apical cells are established during regeneration.
Photoregulation of cell division during regeneration
EdU incorporation analysis performed with sugar-free media revealed substantial delay in the excision-induced entry into S phase in the dark or under R/FR cycles (Fig. 4) . No delay under the R cycle suggests that phytochrome plays a critical role in promoting cell cycle re-entry of the quiescent epidermal cells. This regulation also functions in cycling cells, as the frequency of cell division in sporelings was under the regulation of the phytochrome (Fig. 7) . Most importantly, overexpression of the constitutively active phytochrome in the dark or under R/FR cycles in the presence of sugar resulted in regenerants as large as those under R cycles (Fig. 5d) , which clearly shows that cell division activity can be drastically stimulated by the active phytochrome (Fig. 8) .
Phytochrome-dependent activation of the cell cycle has been reported for evolutionarily diverged plant species. In the fern Adiantum capillus-veneris, the first cell cycle of spores exhibits clear phytochrome dependency (Furuya et al. 1997 ). In the shoot apical meristem of etiolated Arabidopsis seedlings, quiescent cells can be quickly activated to re-enter the cell cycle by light irradiation in a manner dependent on phytochromes and cryptochromes (López-Juez et al. 2008) . During this process, most of the core cell-cycle regulator genes are up-regulated with similar timings (López-Juez et al. 2008) . However, molecular mechanisms that link the photoreceptors to cell cycle activation remain to be elucidated in any land plant species.
During regeneration of M. polymorpha thalli in the presence of sucrose, S-phase entry was observed at almost the same timing regardless of light conditions, indicating that sucrose also promotes cell cycle re-entry independently of the phytochrome (Fig. 8) . Thus, cells undergo dual cellcycle regulation by the phytochrome and sugar. Effectiveness of sugar in the dark suggests that photosynthesis stimulates cell cycle progression through sugar production. The reason why R/FR cycles did not allow normal S-phase entry on sugar-free medium even with a photosynthesis rate predicted to be identical to that under R cycles could be insufficient sugar production with the strength of R used in this study, a notion supported by formation of much smaller regenerants under the R cycle compared with cW. A link between sugar and the cell cycle has been reported in angiosperms. In Arabidopsis, sucrose and glucose can induce expression of cyclin D genes (Riou-Khamlichi et al. 2000; Soni et al. 1995) , which encode G 1 /S cyclins that promote transition from G 1 phase to S phase. More recently, in Arabidopsis roots, glucose was shown to activate a kinase, TARGET OF RAPAMYCIN (TOR), which in turn directly phosphorylates and activates the transcription factor E2 promoter binding factor (E2F) that promotes S-phase gene transcription (Xiong et al. 2013) . It would be interesting to investigate whether these cell cycle regulations by sugar commonly operate in land plants.
Photomorphogenesis of regenerants and sporelings
In contrast to the regeneration of laterally expanded thallus structures under the R cycle, regenerants formed under R/FR cycles were narrow, although their lengths were quite similar between the two conditions (Figs. 5, 6 , S7). The latter regenerants exhibited a rod-like appearance but still retained the dorsoventral pattern of the original thalli, which confirms Vöchting's observation (Vöchting 1885) . Our quantitative measurement of cell parameters suggests that the phytochrome regulates cell shape. In ventral epidermal cells of regenerants, when the phytochrome was active, cells tended to expand more non-isotropically, while when inactive, cell elongation along the growth axis was facilitated (Fig. 6 ). No observed difference in cell-surface area suggests that the degree of cell expansion was comparable. Thus, the phytochrome is likely to be involved in the regulation between directional and non-directional growth of cells (Fig. 8) , contributing at least in part to the morphological differences.
In angiosperms, a low R:FR ratio environment induces shade avoidance responses, by which stems and petioles become elongated (Casal 2013; Neff et al. 2000) . The length of cells in sporelings was significantly longer under the R/FR cycle than R cycle (Fig. 7) , indicating that inactivation of the phytochrome leads to elongation of the sporeling cells. These elongation responses in sporelings as well as in thalli could be viewed as shade avoidance responses.
Regeneration and light in bryophytes
Heald (1898b) reported that, in mosses, protonema regeneration is strictly light-dependent in some species but not in others. P. patens belongs to the former and absolutely polymorpha. The horizontal flow connected by broken-line arrows represents processes that could take place during regeneration. Excision would cause at least two events, sending wounding signals and removal of the apex. While contribution by the former is not clear (question mark), the latter, probably through a relief from inhibition by the apex, is critical (see text). These events may trigger changes in the differentiation status of ventral epidermal cells to sporelings or spores. Red light promotes cell cycle re-entry of these cells via production of sugar by photosynthesis and activation of the phytochrome (Pr-to-Pfr conversion), the latter of which also regulates cell shape by modulating the balance between directional and non-directional growth requires light for regeneration from protoplasts (Jenkins and Cove 1983) . Heald (1898b) also described the occurrence of regeneration of M. polymorpha in the dark. Later, Cavers (1903) reported slow growth of regenerants in the dark for several liverwort species including M. polymorpha. Thus, together with these early studies, our results suggest that the initial trigger for regeneration of M. polymorpha may not be light. Classic studies by Vöchting (1885) and Dickson (1932) showing that removal of the apex is critical and partial excision is not sufficient for regeneration strongly suggest a plausible hypothesis that a relief from putative inhibition by the apex triggers regeneration and also suggest that wounding itself cannot trigger regeneration (Fig. 8) .
As described above, in bryophyte regeneration, differentiated cells can revert back to protonema or sporeling stages. However, it remains to be clarified whether the cells directly revert to those cell types or undergo dedifferentiation to a precursor stage, namely spores, before entering the protonema or sporeling stage. If the latter is the case, light-dependency of regeneration could reflect that of spore germination. In most bryophyte species, spore germination depends on the light (Heald 1898a; Nishihama and Kohchi 2013; Wada and Kadota 1989) , and, for many mosses, such as P. patens, Ceratodon purpureus, and Dicranum scoparium, light signal is mediated by the phytochrome (Bauer and Mohr 1959; Cove et al. 1978; Valanne 1966) . Interestingly, M. polymorpha does not utilize the phytochrome system, but responds to sugar production by photosynthesis for the onset of spore germination, which therefore could be induced by sugar even in the dark (Nakazato et al. 1999 ). This feature, by using sugar stored in the thallus, might also allow recapitulation of sporeling development from dedifferentiated cells with a spore-like status during regeneration in the dark.
